Abstract: Covalent-organic frameworks (COFs) are intriguing platforms for designing functional molecular materials. Here, we present a computational study based on van der Waals dispersion-corrected hybrid density functional theory calculations to analyze the material properties of boroxine-linked and triazine-linked intercalated-COFs. The effect of Fe atoms on the electronic band structures near the Fermi energy level of the intercalated-COFs have been investigated. The density of states (DOSs) computations have been performed to analyze the material properties of these kind of intercalated-COFs. We predict that COFs's electronic properties can be fine tuned by adding Fe atoms between two organic layers in their structures. The new COFs are predicted to be thermoelectric materials. These intercalated-COFs provide a new strategy to create thermoelectric materials within a rigid porous network in a highly controlled and predictable manner.
Recently, as a new class of emerging hybrid porous materials, covalent-organic frameworks (COFs) are an attractive class of crystalline porous materials that can integrate organic units with atomic precision into periodic structures 1 . COFs constitute a class of synthetic materials obtained through the ordered polymerization of organic monomers and form a crystalline framework. The COF materials structures contain generally light elements, such as H, B, C, N, and O. COFs combine the thermodynamic strength of covalent bonds as those found in diamonds and boron carbides, with the functionality of organic units 2 . Thus they have high structural regularity and diversity, easy modification of frameworks, high porosity and structural flexibility which make them an ideal candidate for various potential applications in fields of science particularly gas adsorption, gas storage/uptake (H2, CH4, etc.) [3] [4] [5] , including energy applications 6 from fuel cells to supercapacitors 7, 8 . Present computational and theoretical research shows many interesting electronic properties of two-dimensional (2D) COF materials with honeycomb-like structures (like graphene) 9 , such as: half-metallicity, low intrinsic conductivity, semiconducting, and photoconductivity 10, 11 . In addition, because of their π-stacked layered structures, which can drive the electronic interactions between the nearest neighbor sheets, new properties are expected to emerge from the interplay between the properties of the electronically coupled individual frameworks.
To the best of our best knowledge, the fundamental research into the bulk pristine COFs and intercalated-COFs have not yet been extensively studied, thus the works on intrinsic properties of the bulk pristine COFs and intercalatedCOFs still remains an open opportunity for material science. In the present work, we have studied the structures and material properties of the bulk boroxine-linked and triazine-linked -COF materials using first-principle calculations. Here we have shown how the material properties are altered by the addition of Fe atoms between two organic layers in COFs. We also address how the metal atoms affects the band structures and DOSs of the COFs. In this study, three different types of boroxine-linked and triazinelinked intercalated-COF materials are taken into consideration, which are: COF-SU-01 (Fe3-COF i.e. three Fe atoms were intercalated in the pristine COF per unit cell), COF-SU-02 (Fe4-COF i.e. four Fe atoms were intercalated in the pristine COF per unit cell), and COF-SU-03 (Fe5-COF i.e. five Fe atoms were intercalated in the pristine COF per unit cell) along with the pristine COF as shown in Figure 1 . Thus this work presents the first comprehensive investigation of bulk boroxine-linked and triazine-linked COF materials with Fe intercalated. These intercalated-COF materials may have interesting thermoelectric and electronic applications.
First-principle calculations based on hybrid density functional theory (DFT) as implemented in CRYSTAL14
12 was used to perform all the computations. The geometries of bulk crystal structure of the aforementioned pristine COF and intercalated-COF materials were optimized by the dispersion-corrected B3LYP hybrid DFT [13] [14] [15] [16] [17] , i.e. B3LYP-D2
18-21 which has been shown to give correct electronic properties of the 2D/3D materials 22, 23 . The semi-empirical Grimme-D2 dispersion corrections were added in the present calculations in order to incorporate van der Waals (vdW) dispersion effects on the system. [18] [19] [20] In the present computation, triple-zeta valence with polarization quality (TZVP) Gaussian basis sets were used for H, B, C, N, O and Fe atoms 24 . Integration inside of the first Brillouin zone were sampled on 4x4x16 Monkhorst-Pack 25 k-mesh grids for all the intercalated-COFs and pristine COF materials for the structure optimization, and on 20x20x20 Monkhorst-Pack kmesh grids for the calculations of band structure and density of states (DOSs). Visualization and analysis were performed using VESTA 26 . The optimized crystal structures of the pristine and intercalated-COFs, COF-SU-00, COF-SU-01, COF-SU-02, and COF-SU-03, are shown in Figure 1a , 1b, 1c, and 1d, respectively. Fe atoms have been placed at the centroid of three benzene rings between two layers in one unit cell of COF-SU-01. The fourth Fe atom is placed at the centroid of boroxine ring in COF-SU-01 to form COF-SU-02, and the fifth Fe atom is placed at the centroid of triazine ring in COF-SU-02 to form COF-SU-03. The coordinates of optimized crystal structures of the COFs are reported in the Supporting Information. The COFs, presented here, are ideal honeycomb-like structures with one triazine, one boroxine, and five benzene rings in one unit cell with p−6m2 symmetry in their crystal structures. Due to the similar crystal structure but slight different chemistry, it is interesting to compare their basic electronic structures and properties. The equilibrium lattice constants (a, b, c), the distance between two layers (d), various average bond distances (C-C, C-O, O-B, B-C, C-N) and band gap (Eg) of the pristine and intercalated-COFs are reported in Table 1 . Both the lattice constants and various bond distances gradually changed when the Fe atoms were added in the COFs. In all the intercalated-COFs studied here, the boroxine and triazine rings are slightly different from the benzene ring. As for example, both the boroxine and triazine rings are not a perfect hexagon in the COF-SU-01, and the angles ( BOB and NCN) are 121.6
• and 124
• respectively. This is because the electronegativity of the O and N atoms is stronger (i.e. there is a lone pair of electrons), and both the boroxine and triazine rings have very little aromatic character compared to pure benzene rings. The distances d between two identical layers in the COF-SU-00, COF-SU-01, COF-SU-02, and COF-SU-03 materials were increased as more Fe atoms were added between the layers (see Table  1 ). After obtaining the optimized geometry of the unit cell for the pristine COF and intercalated-COFs, we investigated their electronic properties. The band structure and density of states (DOSs) of the COF-SU-00, COF-SU-01, COF-SU-02, and COF-SU-03 are computed and shown in Figure 1a, Figure 1b , Figure 1c and Figure 1d , respectively. We have plotted the band structure along a high symmetric
Brillouin zone. All the intercalated-COFs studied here, have similar topological structure and they show similar type of electronic properties. We have found that the pristine bulk COF materials (non-intercalated-COFs) behave like an insulators as shown in Figure 1a , and when the pristine COFs are intercalated by Fe atoms, the electronic properties drastically changed. The band structures and DOSs reveal that the pristine COF i.e. COF-SU-00 has an indirect band gap around 2.60 eV resulting in an insulator, while the COF-SU-01 material gives an uncommon band structure due to the intercalation of Fe atoms (see Figure  1b) . The band structure calculations show that two conduction bands just touch the Fermi energy level (EF ) in the Table 1 , which resembles that of semiconductor. The indirect band gap is much smaller than the values for the pristine ordinary 3D COF materials calculated by Lukose et al. 27 , and the present DFT-D calculation shows that the indirect band gap is about 1.40 eV lower than the pristine COF. Similarly, we have expanded our study to compute the material properties of the COF-SU-02 and COF-SU-03 materials. Both the materials show similar type behavior to the COF-SU-01 material as depicted in their band and DOSs structure calculations as shown in Figure 1c and Figure 1d , respectively. One can see clearly that the general features and characteristic peaks of the total DOSs of the COF-SU-02 and COF-SU-03 materials were changed. After adding the 4th Fe atom in the COF-SU-01, the conduction band (CB) slightly moved away from the Fermi energy level (EF ) and thus the CB did not touch the EF . It seems that the region around the boroxine ring is insulating in the intercalated-COF, as there is no free/unpaired electron in the ring, and due to the addition of the Fe atom at the centroid of the boroxine ring, the region becomes semiconducting. It can be assumed that the d-sub-shell electrons of Fe are trying to interact with the electron clouds of the boroxine ring in COF-SU-02. The shape of the valence band (VB) and CB is similar type of the COF-SU-01 material. The present computation shows that the COF-SU-02 material has an indirect band gap about 1.38 eV, and the DOSs show the electron densities around the Fermi level as depicted in Figure 1c . Thus, the present study reveals that this COF-SU-02 material is a semiconductor similar to COF-SU-01.
The shape of the CB structure was slightly changed in the COF-SU-03 due to addition of the 5th Fe atom in the COF-SU-02 material at the centroid of the triazine ring. But the shape of the VB are similar to the COF-SU-01 and COF-SU-02 materials as shown in Figure 1d . The band structure of the COF-SU-03 material shows that one conduction band is overlapped with the Fermi energy level (EF ) in the Γ − K − M direction making large electron density around EF which is reflected in the DOSs as shown in Figure 1d . The peaks are shown around the EF level. The d-subshell electrons of Fe are interacting the p-subshell electrons of C in the triazine ring resulting a conducting region around this ring. It seems that all the rings in the COF-SU-03 are conducting, and electron can pass through all the rings perpendicular to the basal plane in this material. In other words, due to this Fe intercalation between the two COF layers, electron can pass through one surface to the other surface of the intercalated-COFs. It also has a small indirect band gap around 1.18 eV, resulting in a semiconductor, which is well below the values for the pristine 3D COFs calculated by All the thermoelectric materials are in generally semiconductors 28, 29 . To characterize thermoelectric materials, Seebeck coefficient calculation or measurement is generally used to estimate by computing electronic band structure properties and band gap. Goldsmid and Sharp 29 developed a mathematical expression relating the band gap and the Seebeck coefficient, Smax (also known as thermopower), and the temperature at which it occurs (Tmax). The relation between the electronic band gap Eg and the Seebeck coefficient is Eg = 2e|S|maxTmax 29 . By obtaining the DFT computed band gaps of the intercalated-COFs, COF-SU-01, COF-SU-02 and COF-SU-03, the temperature dependent Seebeck coefficient were plotted in Figure 2 , which reveals that these three intercalated-COFs are thermoelectric materials. Goldsmid-Sharp method is an extremely useful tool for obtaining an estimation of Seebeck coefficient or detect the thermoelectric material, but the value of Seebeck coefficient is not an exact estimate. This result suggests that all the intercalated-COFs studied here, are thermo-electric materials making them the first crystalline porous materials.
Conceptually, to obtain a good thermoelectric material, both Seebeck coefficient and electrical conductivity must be large for the material 30 . The Seebeck coefficient is directly proportional to the density of states effective mass (m * ) of the electrons in the crystal and the electrical (σ) conductivity is inversely proportional to the m * . The band structures of the intercalated-COFs studied here, shows that these three materials should have an optimal value of the m * in the M − H and L − M region. The Seebeck coefficient can be enhanced through a distortion of the electronic DOSs by doping or adding impurity in the system 30, 31 resulting in the reduction of the thermal conductivity. Such a situation can occur when the VB or CB of the materials resonates with the localized impurity energy level. The present computations shows the band and DOSs structures of three intercalatedCOFs are distorted around the EF by adding Fe atoms in the systems, and the EF is aligned with a large and narrow peak of the DOSs resulting in enhanced Seebeck coefficient of the aforementioned materials studied here. Thus the effect of this distortion in DOSs should increase the effective mass and pronuance higher Seebeck coefficient as proposed by Synder and his co-workers 30, 31 . These three materials show the similar type of band and DOSs structures while being porous and a small indirect band gap which demonstrates a new type of porous thermoelectric intercalated-COF materials, which means that the electron can inject from valence band to conduction band at room temperature and there is no need to use extra energy to excite or promote the electrons. Our present computation also shows that the threshold adsorption wavelengths of these materials COF-SU-01, COF-SU-02, and COF-SU-03, are in the range 827 -1035 nm, which is located in the near infrared (IR) region.
In summary, the structure and electronic properties of a new kind of Fe-intercalated COF materials were studied using dispersion-corrected first principles hybrid DFT methods. The results for the new proposed intercalated-COF materials are quite interesting. Our findings suggest a new type of porous materials which have entirely different electronic properties compared to as usual porous materials such as pristine COFs or MOFs. Owing to the π-conjugated electrons around the benzene and triazine rings, the materials show flat bands in the vicinity of the EF level. The band convergence and DOSs distortion could enlarge carrier effective mass and the Seebeck coefficient, but also results in the deterioration of charge carrier mobility. The computed band structures, DOSs, and band gap demonstrate that these kind of novel intercalated-COF materials could potentially be used as semiconductors. These three intercalated-COFs can be characterized as thermoelectric porous materials. These materials have an unusual band structure making them semiconductors at room temperature compared to the typical pristine COFs which often have very large band gap around 2.6-6.0 eV. Thus this study shows that the electronic properties of the COF materials can be changed dramatically by intercalating the Fe atoms between two layers in the pristine COFs, and their band gaps can be tuned by adding Fe atoms between two layers in COFs. This approach broadens the scope and complexity of potential nanoporous COF materials. Understanding the new properties and behavior of these intercalated-COF materials will allow to design new COFs intercalated by the other transition elements in the periodic table for specific potential new applications in the near future. Further computational investigation and study will focus on the effect of the other transition metals on the electronic properties of other designed COF materials.
Supporting Information. The optimized crystallographic information (.cif) files of the pristine and intercalated COF materials, COF-SU-00, COF-SU-01, COF-SU-02 and COF-SU-03, have been provided in the Supporting Information. 
